A retrospective clinical evaluation in a cohort of 73 patients receiving stable anticoagulation therapy showed that the addition/elimination of amiodarone resulted in a 6-65% change in warfarin dose requirement. To evaluate the roles of amiodarone and its circulating metabolites in this highly variable inhibitory drug interaction, an LC-ESI + MS/MS assay was developed for the quantitation of low concentrations of these compounds in human plasma, utilizing newly synthesized deuterated analogs as internal standards. K I 's were determined for the inhibition of (S)-warfarin 7-hydroxylation in human liver microsomes, by parent drug and metabolites, and unbound drug fractions (f u ) were measured so that the ratio of unbound plasma concentration to the microsomal K I for unbound drug ([I] u /K I , u ) could be calculated. From these ratios, we predict a minor metabolite, N,N-didesethylamiodarone, to be a major contributor to the drug interaction between warfarin and amiodarone.
Introduction
Amiodarone (AMIO) was originally introduced as an anti-anginal drug over 40 years ago (1), but is now used therapeutically as an effective Class III antiarrhythmic agent (2, 3) . AMIO is associated with numerous potential side effects that include pulmonary toxicity (4, 5) , hepatotoxicity (6) and thyroid dysfunction (7) . Additionally, there have been reports of adverse drug interactions when AMIO is administered together with a wide range of other therapeutic agents including theophylline (8) , flecainide (9) , cyclosporine A (10, 11) and dextromethorphan (12) . However, the most common, as well as potentially the most dangerous drug interaction that AMIO exhibits is its potentiation of the anticoagulant effect of warfarin, which greatly increases the patient's risk of hemorrhage (8, 13) .
AMIO is frequently used for rhythm control in patients with atrial fibrillation (AF). Stroke is a major concern in patients with AF and since warfarin is the preferred treatment for stroke prevention, AMIO is therefore often co-administered with warfarin (14) . An interaction always occurs between these two drugs (15, 16 ) that typically necessitates a dose reduction in warfarin of 25-40% depending on the amiodarone maintenance dose (15, 16) .
Early studies by Trager, O'Reilly and co-workers demonstrated that AMIO inhibits the clearance of both (S)-and (R)-warfarin (17) and decreases the formation clearances of (S)-warfarin metabolites to a greater extent than (R)-warfarin metabolites (18) . However, AMIO proved to be a relatively weak inhibitor of (S)-warfarin metabolism in human liver microsomes (HLM) (18) and AMIO's N-dealkylated metabolite, monodesethylamiodarone (MDEA), is 40-90 times more potent an inhibitor of CYP2C9 than the parent drug (19, 20) . These observations are significant because CYP2C9 is the major P450 that terminates the pharmacological activity of warfarin (21) . Moreover, MDEA is present in human plasma at a concentration approximately equal to that of the parent drug (~1-5 μM) (4, 22) . Indeed, there are in vivo data which suggest that plasma MDEA concentration may be a better predictor of the change in INR than plasma AMIO concentration in patients receiving both drugs (23) . These observations prompt the hypothesis that a major mechanism of the warfarin-AMIO interaction is inhibition of CYP2C9-mediated (S)-warfarin metabolism by MDEA.
Although MDEA is the major metabolite of AMIO in humans, a number of others have recently been identified in plasma (Figure 1 ) (24) . The most prominent of these metabolites include 3′-hydroxy-N-monodesethylamiodarone (3′-OHMDEA), N,N-didesethylamiodarone (DDEA) and deaminated amiodarone (DAA). Another potential product of AMIO metabolism is the O-desalkylated derivative (ODAA) (25) . It is possible that one or more of these minor AMIO metabolites could contribute to the warfarin drug interaction and, in fact, several close analogs of ODAA have been shown to be low nanomolar inhibitors of CYP2C9 (26) . Delineation of specific inhibitory AMIO metabolites may also assist in a better understanding of inter-individual variability in the magnitude of this drug-drug interaction (DDI).
The aims of this research were threefold. Firstly, a retrospective study was performed to determine mean and range of warfarin dose change required to maintain an INR of 2.0 -3.0 after amiodarone was added or discontinued in a cohort of patients undergoing stable warfarin therapy. Next, stabilized plasma concentrations, [I], of AMIO and five of its circulating metabolites were determined in several warfarin patients undergoing combination therapy. In order to measure low metabolite concentrations in vivo, we developed a new, highly sensitive stable-label isotope LC-MS assay that necessitated the synthesis of deuterium-labeled internal standards. Finally, in vitro inhibition experiments were carried out with AMIO and its metabolites to measure the K I against CYP2C9-mediated (S)-warfarin 7-hydroxylation in HLM. To best assess the likelihood of an in vivo drug interaction, we measured the free fraction of AMIO and its various metabolites in HLM and in plasma in order to calculate the respective [I] u /K I , u values for parent drug and circulating metabolites.
Results

In vivo Effect of AMIO on Warfarin Dose Requirement
Over the six year period of the retrospective clinical evaluation, 73 case studies were identified fitting the parameters of our analysis for an out of range INR attributed to a warfarin-AMIO drug interaction which occurred upon either addition or elimination of AMIO therapy to patients undergoing stable warfarin treatment. Results of the analysis are described in Table 1 . The mean change in warfarin dose required to maintain an INR of 2-3 was 25.6%. Warfarin dosing change requirements were highly variable, with a range of 5.9% to 65%.
Synthesis of AMIO Metabolite Standards
To enable the most rigorous quantitative assessment of AMIO metabolite concentrations in vivo and in vitro, we adopted stable-isotope methodology for all the LC/MS analyses. Literature procedures exist for the synthesis of unlabeled AMIO and many of the drug's known human plasma metabolites (27) (28) (29) (30) , but the syntheses of deuterium labeled standards for AMIO, MDEA, DDEA, ODAA and DAA are reported here for the first time. The deuterium source for isotope-labeled AMIO (7), as well as its deaminated (6) and Odesalkylated (5) derivatives, was p-methoxy- (2,3,5,6-d 4 )-benzoic acid, 1 (Scheme 1A). A slightly different methodology was used in the syntheses of the isotopically-labeled analogs of MDEA and DDEA, 9 and 11, which were both derived from unlabeled ODAA utilizing 1,2-dibromo-d 4 -ethane as the deuterium source (Scheme 1B). These procedures provided the required stable-isotope internal standards in good yield and purity, and with high deuterium contents (>95%) that reflected those of the labeled starting materials.
Measurement of AMIO Parent Drug and Metabolite Concentrations in Human Plasma
The deuterated standards of AMIO and its metabolites were used to develop an LC-ESI + MS/MS assay for the quantitation of these compounds in the plasma of clinical patients undergoing concomitant warfarin and AMIO therapy (Figure 2 ). Blood was drawn from three patients at various time points up to 14 weeks after initiation of AMIO treatment. Parent drug and metabolite plasma concentrations were seen to plateau at around 8 weeks after addition of AMIO therapy to a stabilized warfarin regime (Figure 3) , therefore, average drug and metabolite plasma concentrations were calculated for each of the patients between 8 and 14 weeks, and these values were then averaged for the 3 patients to determine the mean steady state plasma concentrations for AMIO, MDEA, DDEA, 3′-OHMDEA, DAA and ODAA (1.09 ± 0.09, 1.16 ± 0.08, 0.059 ± 0.003, 0.42 ± 0.34, 0.015 ± 0.003 and 0.11 ± 0.01 μM, respectively, after converting units from ng/mL, Table 2 ). The values for AMIO, MDEA, 3′-OHMDEA, DDEA and DAA are similar to those reported in an earlier study by Ha et al., (24) . Plasma ODAA concentrations are reported here for the first time.
Inhibition of (S)-Warfarin 7-Hydroxylation in HLM
Kinetic studies were carried out to determine the enzymatic mechanism of inhibition and to measure the K I values for the inhibition of (S)-warfarin metabolism by AMIO and its metabolites, in pooled HLM. Both ODAA ( Figure 4A ) and DAA ( Figure 4B ) were found to be purely competitive inhibitors of (S)-warfarin 7-hydroxylation, with K I 's of 0.032 ± 0.006 and 2.0 ± 0.3 μM, respectively, while AMIO, MDEA, DDEA and 3′-OHMDEA all appeared to be mixed inhibitors of warfarin metabolism in HLM ( Figure 4C-F) . The respective K I values for these four nitrogen-bearing compounds, determined from Dixon plots, were calculated to be 39 ± 14, 5.9 ± 0.9, 0.053 ± 0.008 and 5.2 ± 2.0 μM, respectively. Due to extensive non-specific protein binding, IC50 values for the test compounds varied significantly, and linearly, with the amount of microsomal protein that was used in the incubations (data not shown). Therefore, the kinetic estimates presented here are K I (apparent) values and need to be corrected for the free fractions available in metabolic incubations containing 0.25 mg/mL microsomal protein.
Determination of Fraction Unbound (f u ) for Parent Drug and Metabolites
Protein binding experiments demonstrated that AMIO and the majority of its metabolites are very highly bound in both HLM and human plasma. In experiments with HLM, carried out at 0.25 mg/mL microsomal protein, f u values of 1.4 ± 0.2, 1.2 ± 0.4, 1.1 ± 0.3 and 1.7 ± 0.1% were calculated for AMIO, MDEA, DDEA and DAA, while ODAA and 3′-OHMDEA exhibited f u values of 5.0 ± 2.0 and 17 ± 2.8%, respectively. The degree to which most of these compounds bind to plasma protein is slightly less than their protein binding to HLM with calculated plasma f u values of 3.3 ± 0.8, 2.0 ± 0.40, 4.2 ± 0.4 and 4.9 ± 1.7% for AMIO, MDEA, DDEA and DAA, respectively. ODAA and 3′-OHMDEA do not fit this trend as both compounds are much more tightly bound to plasma protein than to microsomal protein, exhibiting plasma f u values of 0.13 ± 0.01 and 1.8 ± 0.3%, respectively (Table 2 ).
Similar protein binding experiments for these compounds were carried out in the presence of either 4 μM (S)-warfarin, for studies in HLM, or 2 μg/mL rac-warfarin (approximate physiological concentration), for studies in human plasma. Warfarin was found not to affect metabolite protein binding in either HLM or plasma as the fraction unbound values remained essentially unchanged from the numbers reported above, showing less than 2-fold variation in all cases (data not shown).
Determination of [I]/K I and [I] u /K I , u for Parent Drug and Metabolites
[I]/K I , defined here as the total mean plasma drug concentration for the three test subjects after reaching plateau concentrations, i.e. 8-14 weeks after initiation of therapy, divided by the in vitro K I (apparent), measured for the inhibition of (S)-warfarin 7-hydroxylation in HLM, was calculated to be 0.028, 0.20, 1.1, 3.4, 0.0076 and 0.081 for AMIO, MDEA, DDEA, ODAA, DAA and 3′-OHMDEA, respectively ( (Table 2) .
Discussion
The warfarin-AMIO interaction is known to be due to metabolic inhibition of the P450 enzymes responsible for the clearance of warfarin, mainly CYP2C9 (18) . In patient studies, we confirmed (i) the wide inter-individual variability in the magnitude of the warfarin-AMIO interaction reported initially by Kerin et al., (15) , and (ii) the plasma concentration ranges of AMIO and several metabolites reported earlier by Ha et al. (24) . Additionally, in these studies, ODAA was quantified (60.5 ± 5.6 ng/mL, 0.11 ± .01 μM) for the first time in human plasma (although very recently, Deng and coworkers identified ODAA in human bile and as a product of metabolic incubations of AMIO with HLMs (31)). The results of the in vitro inhibition and protein binding experiments with AMIO and its metabolites that we report here serve as a means of elucidating details of the molecular mechanism behind this in vivo interaction.
AMIO is known to be highly protein bound in human plasma and the f u measured in plasma for this study (3.3 ± 0.8%) is in excellent agreement with the value reported previously by Lalloz, et al., (3.7 ± 0.6%) (32) . Both values were determined by the ultracentrifugation method for measuring free drug fraction. The plasma free fractions for the metabolites of amiodarone -MDEA, 3′-OHMDEA, DDEA, ODAA and DAA, which varied from ~0.1-5% -have not been previously reported. (33, 34) . Using this measure, our data suggest that both DDEA and ODAA are likely to cause a DDI with warfarin, while MDEA is a possible contributor.
There are, however, potential problems with using [I]/K I for prediction of in vivo interactions, especially for compounds that are highly protein-bound in plasma and microsomes. For these compounds, [I] u /K I , u , which corrects for the amount of free drug available in plasma and also normalizes the microsomal inhibition constant for the amount of free drug available in microsomes, is accepted as a more accurate predictor of a drug's potential to cause an in vivo interaction (35, 36) . In comparing the two ratios, [I]/K I appears to both under-predict the potential of DDEA to cause an interaction while greatly overpredicting the potential in vivo interaction of ODAA, which changes from likely to remote when [I] u /K I , u is assessed. By either predictive method, MDEA is seen as a possible contributor, while AMIO, DAA and 3′-OHMDEA would be judged as unlikely to contribute to the potentiation of the warfarin anticoagulant effect. Also, though warfarin binds very strongly to plasma (f u(serum) = 0.008) (37), the anticoagulant was unable to displace AMIO or its metabolites from plasma protein when incubated at a physiological concentration, showing essentially no effect on f u for any of the compounds tested.
The overall change in intrinsic clearance of (S)-warfarin caused by the drug interaction with AMIO can be predicted according to equation 1. Table 2 ).
The actual increase in the mean AUC for (S)-warfarin caused by the drug interaction with AMIO has been reported to range from 27 to 110% in single warfarin dose studies carried out in small groups (n = 5 or 6) of healthy volunteers (17, 18) . The data from our retrospective clinical evaluation showing that introduction/discontinuation of AMIO therapy results in a 6 -65% change in warfarin dose requirement is in good agreement with this clearance data. However, it is also clear that our in vitro data over-predict the inhibitory effect of the overall drug interaction. Tertiary amines are increasingly recognized as mechanism-based inactivators of P450 following sequential metabolism to C-nitroso metabolites whose nitrogen lone pair binds tightly to the reduced heme (38) . Since AMIO and its aminated metabolites are mixed inhibitors of CYP2C9, it is possible that one or more of these compounds could be a mechanism-based inhibitor (MBI) of the enzyme. In fact, Mori, et al. (2009) found AMIO and MDEA to be (weak) MBIs of CYP2C9-mediated diclofenac 4′-hydroxylation, both exhibiting K I 's of inactivation of ~100 μM and k inact values of only ~0.1/min (39) . However, given that we conducted our kinetic inhibition experiments with AMIO and MDEA at concentrations that were much lower than the K I values reported by Mori et al. (with one exception -for AMIO itself we used a maximum concentration approximately equal to the reported K I ), it seems unlikely that time-dependent inhibition of microsomal CYP2C9 is a complicating feature of the kinetic plots obtained under the conditions used here with either the parent drug or its primary metabolite. Nonetheless, studies are underway to evaluate the potential of each of the AMIO metabolites described here to evoke time-dependent P450 inhibition. It is possible that the discrepancy in our prediction of the DDI may be explained by high levels of drug/metabolite efflux resulting in decreased hepatocyte exposure. The recent findings of Deng and coworkers, identifying all of the known circulating AMIO metabolites, (as well as a host of new metabolites) in human bile lends support to this hypothesis (31) European Medicines Agency guidelines currently recommend that only metabolites of drugs that circulate at unbound or total molar concentrations of ≥ 20% of the parent drug be tested for the potential to cause DDIs (40) . Based on our results, DDEA appears to be the most likely metabolite to potentiate the anticoagulant effect when AMIO and warfarin are given in combination, even though AMIO plasma concentrations were roughly 20-fold higher than DDEA concentrations in the patients studied. From our data it would appear that, at least in the specific case of drugs that contain secondary or tertiary amines, the current prediction system might be improved by the inclusion of mono-and especially di-N-desalkyl derivatives -even if these metabolites circulate at very low concentrations -since they are potentially much stronger P450 inhibitors than the parent drug. Studies are underway to determine whether patient variability in formation of DDEA, alone or in combination with other inhibitory metabolites, explains inter-individual variability in the drug interaction between AMIO and warfarin.
Methods
Retrospective Clinical Evaluation of the AMIO/Warfarin Drug-Interaction
From 7/1/2001 to 6/30/2007, a university-affiliated anticoagulation clinic provided routine outpatient anticoagulation management for 3129 patients taking warfarin. During this 6 year period, a total of 230 incidents in which an out-of-range INR was attributed to the warfarinamiodarone drug interaction were identified. These incidents were associated with 163 episodes in which amiodarone was added or discontinued in patients taking warfarin, or in which the amiodarone dose was changed. Of these 163 episodes, 90 were excluded from analysis due to either unstable warfarin therapy prior to addition of amiodarone (n=40), an interaction due to change in amiodarone dose (n=27); warfarin and amiodarone having been initiated concurrently (n=14), the duration of concurrent warfarin/amiodarone therapy being less than 1 month (n=6) or no records available (n=3). The 73 remaining patients were mainly White (n=66), with Blacks (n = 3) and Asians (n = 4) also represented in the cohort.
Recruitment of Warfarin Patients for Analysis of Amiodarone Plasma Metabolites
Three patients stabilized on warfarin who were to be initiated on concomitant AMIO therapy were recruited through Cardiology and the Anticoagulation Clinic at the University of Washington Medical Center. Briefly, blood was drawn at regular clinic visits for measurement of INR immediately prior to, and over a 14 week period after, addition of AMIO to the treatment regimen. Introduction of AMIO in the three patients resulted in a 33, 40 or 71% reduction in required warfarin dose. All patients gave informed consent for the study which was approved by the University of Washington IRB.
AMIO Metabolite Quantitative LCMS Assay
LCMS analyses were conducted on a Micromass Quattro Premier XE Tandem and 634 to 545 (3′-OHMDEA). Parent drug and metabolites were separated using only a Nucleosil 7.5×4.6mm 5μC 18 -guard cartridge as column (Alltech Assoc., Deerfield, IL), with a flow rate of 0.35mL/min, eluted with a binary solvent system consisting of 5mM NH 4 OAc (solvent A) and 0.5% formic acid in MeOH (solvent B). The solvent was set at 50% B for 2 minutes and increased linearly to 100% B over the following 3.5 min. From 5.5 to 6.5min, the solvent composition was lowered back down to 40% B where it was maintained for one minute (Figure 1 ).
Data analyses were carried out on Windows XP-based Micromass MassLynxNT ® , v 4.1, software.
Chemical Inhibition Experiments
Incubations were carried out using a pool of HLMs consisting of equal quantities of total microsomal protein obtained from eight different liver samples, prepared as described previously (41) . All incubation mixtures contained 250μg/mL microsomal protein from the HLM pool, 1 mM NADPH, 1% v/v of a 100x concentrated methanolic inhibitor stock and Swarfarin, added as substrate (at 1, 4 or 16 μM final concentration), made up to 200 μL total volume with 100 mM potassium phosphate buffer, pH 7.4. The concentrations of inhibitor used in the K I studies varied with the compound (Figure 4 ). All incubations were carried out in triplicate.
HLMs were preincubated with (S)-warfarin, inhibitor and buffer at 37°C and 70 rpm in a water bath for 2.5 min prior to initiation of the reaction with the addition of NADPH. After 30 min incubation the reactions were quenched by the addition of 5 μL of 70% perchloric acid and 3 ng of 7-ethoxycoumarin was added as internal standard. The reaction mixtures were vortexed for 30 sec and centrifuged at 13,400 rpm for 5 min. Supernatants were then analyzed for 7-hydroxywarfarin content by HPLC using fluorescence detection. A time course study revealed that, under the experimental conditions, 7-hydroxywarfarin production was essentially linear out to 30 minutes.
HPLC-Fluorescence Assay for Microsomal CYP2C9 Activity
HPLC was performed on a Shimadzu system equipped with two LC10ADvp pumps, a CBM-20A communication bus module, an RF-10A XL fluorescence detector and an SIL-20A HT autosampler (Shimadzu Scientific Instruments, Inc., Columbia, MD) using a Nucleosil 5μ, 4.6 × 100 mm C 18 HPLC column (Macherey-Nagel, Bethlehem, PA), with a flow rate of 1.3mL/min. The analytical method was isocratic, set at 38% solvent B (MeCN, solvent A = 0.5% phosphoric acid) with a run time of 10 min. The fluorescent excitation wavelength was set at 320 nm and the emission was monitored at 415 nm. Data acquisition and analyses were performed on LCsolutions ® software (v 1.2, Shimadzu). , in methanol was added to each sample as internal standards. The samples were vortexed then centrifuged (13,400 rpm, 10min), and the supernatants were transferred to vials for LCMS analysis. All reactions were carried out in triplicate. Standard curves were determined for both centrifuged and uncentrifuged samples over a range from 0.010 to 20 μM. The HLM and plasma free drug fractions were calculated as the ratio of the slope of the free concentration curve (determined from the ultracentrifuged samples) to the slope of the total concentration curve (uncentrifuged samples).
Determination of Fraction Unbound (f u ) in HLM and in Plasma
Protocols for the synthesis of deuterium-labeled standards and for the quantitation of AMIO and its metabolites in patient plasma samples are included in Supplemental Materials.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Average plasma concentration vs time curves for AMIO and its circulating metabolites in patients (n = 3), already undergoing warfarin treatment, who were started on AMIO therapy. Error bars denote standard error measurements. AMIO dose varied from 230 to 500 mg/day for each patient with an overall mean of 350 mg/day. Table 1 Demographic characteristics of patients, and change in warfarin dose required to maintain INR 2.0 -3.0 after addition or discontinuation of amiodarone. 
